Abstract. To determine the lesion development of retrovirus-induced ovine pulmonary carcinoma (OPC), ten neonatal lambs were inoculated intratracheally with either 1) lung fluid preparations derived from a sheep with Type D retrovirus-associated OPC and concurrent ovine lentivirus (0vLV)-associated lymphoid interstitial pneumonia (LIP) (n = 8); or 2) lung fluid from a sheep with only OvLV-LIP ( n = 2). Seven of eight neonates that received Type D retrovirus-associated OPC/OvLV-LIP lung fluid developed both OPC and LIP lesions between 9 and 32 weeks after inoculation. Mild OPC lesions consisted of foci of type I1 alveolar epithelial cells lining alveoli surrounded by minimal alveolar macrophage infiltrates. More severe OPC lesions consisted of multifocal aggregates of cuboidal to columnar neoplastic cells forming acini or masses associated with abundant alveolar macrophage infiltrates. Lesions of LIP consisted of peribronchiolar and perivascular lymphoid hyperplasia and heterogeneous interstitial leukocytic infiltrates. The two neonates that received OvLV-LIP lung fluid developed rapid and severe LIP, but not OPC lesions. Two lambs (inoculated as neonates with virus-free lung fluid) and three lambs (uninoculated contacts) served as controls and did not develop OPC. To investigate age susceptibility for development of OPC, 20 additional lambs within defined age groups (neonates, 2 weeks old, 5 weeks old, and 10 weeks old) received ultracentrifuged tumor homogenate. Neonatal to 5-week-old lambs inoculated with Type D retrovirus-associated OPC/OvLV-LIP tumor homogenate were equally likely to develop OPC, but lambs inoculated at 10 weeks of age were more refractory to tumor development. These results suggest that infection of sheep by the OPC retrovirus early in life enhances susceptibility to pulmonary neoplasia and defines methods to optimize experimental reproduction of this retrovirus-induced carcinoma.
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Ovine pulmonary carcinoma (OPC, sheep pulmonary adenomatosis) is a naturally occurring retrovirusassociated pulmonary neoplasm of mature ~h e e p .~~,~~ The disease coexists in sheep with ovine lentivirusassociated lymphoid interstitial pneumonia (OvLV-LIP) in many countries throughout the ~~r l d~~,~~,~~ and has been confirmed in the United state^.^,^ The prolonged incubation period of naturally occurring OPC has limited research of the pathogenesis of OPC.9J6 However, the time course of OPC development has been reduced using neonatal and young lambs, which suggests age-dependent susceptibility.8, 22, 28 The cause of OPC appears to be a Type D retrovirus which has yet to be Recently, we have described five naturally occurring cases of concurrent infection of OPC retrovirus and ovine lentivirus (OVLV).~' In a preliminary experiment, employing a limited number of lambs, we have produced both retrovirus-induced OPC and LIP lesions by intratracheal inoculation of lung tumor homogenate or unconcentrated lung fluid derived from one of these five sheep.8
Ovine pulmonary carcinoma lesion development is poorly understood, and methods to experimentally reproduce OPC are not clearly defined. This report describes the early histological changes of OPC and details the tumor-inducing capacity of various lung fluid preparations (ultracentrifuged, ultracentrifuged cellfree, and unconcentrated) derived from a sheep naturally co-infected with both OPC retrovirus and OvLV. Since chronic OvLV-induced LIP is associated with severe alveolar type I1 cell hyperplasia, we also examined the tumor-inducing capacity of lung lavage fluid derived from OvLV-infected lungs having marked type I1 cell hyperplasia, but lacking OPC. Our results indicate that the alveolar type I1 cell is transformed during the initial stages of OPC development and suggest that the development of OPC is not dependent on abundant inflammatory cell infiltrates. In addition, we demonstrate that lambs are more susceptible to OPC if exposed to the retrovirus-containing material prior to 10 weeks of age.
Materials and Methods
Inocula were prepared from a sheep naturally co-infected with ovine pulmonary carcinoma (0PC)-associated Type D retrovirus and ovine lentivirus (OVL'V)~~ and from a sheep with chronic OvLV-induced lymphoid interstitial pneumonia (LIP).
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Lung fluid was coarse filtered with gauze, clarified by centrifugation at 11,500 x g for 30 min at 4 C, and frozen at -70 C until used for preparation of inoculum. This material (25 ml) was thawed and ultracentrifuged at 98,000 x g for 2 hr at 5 C, and then was resuspended in 5 ml of lung fluid supernatant (5 x concentrated inoculum for one lamb).
Lung tumor homogenate inoculum was derived from 10 grams of OPC tumor tissue which was placed in TNE buffer (0.01 M Tris-HC1, 0.1 M NaC1, and 0.001 M ethylenediaminetetraacetic acid [EDTA] pH 7.4), homogenized in a Waring blender, and prepared by centrifugation (as per lung fluid inoculum). Tumor homogenate pellets were resuspended in 5 ml of TNE buffer and considered as inoculum for one lamb.
A virus-control inoculum was filtered through a 50,000 molecular weight cut-off filter (Amicon) to eliminate infectious retrovirus.
All lambs were negative for anti-OvLV antibodies by agar gel immunodiffusion test.4 The lambs were raised with bovine colostrum and commercial milk replacer as previously de~cribed.~~ All lambs were inoculated intratracheally as described.8 Ten neonatal (24 to 48 hours old) lambs received lung fluid derived from the adult sheep donor with Type D retrovirus-associated OPC and OvLV-LIP, Table 1 ). All lambs receiving tumorderived lung fluid were housed together (except for lambs receiving ultrafiltrated virus-free material which were housed separately).
To test the age at which lambs were most susceptible to develop retrovirus-induced OPC the following lamb groups were inoculated with lung tumor homogenate ( Table 2) : five lambs at 1 day of age (neonates, group A), five lambs at 2 weeks of age (group B), three lambs at 5 weeks of age (group C), and four lambs at 10 weeks of age (group D). Three lambs were left uninoculated and served as contact controls (group E). All age experiment lambs were housed together as a group.
Lambs were killed by intravenous injection of xylazine and ketamine and exsanguination when they developed severe respiratory distress. Lungs and mediastinal lymph nodes were excised and weighed. The right lung was insufflated with 250-500 ml ofphosphate-buffered saline (PBS, pH 7.4), massaged, and the removed fluid was used for analysis of bronchopulmonary lavage cells as previously described.15 Lavaged cells were stained with a modified Papanicolaou stain * Ovine pulmonary carcinoma ranked in severity from + least severe to + + + + most severe (Materials and Methods), Lymphoid 8 Pulmonary lymph node (caudal mediastinal) hyperplasia ranked in severity as described in Table 1 . 11 Lambs were exposed by contact when they were born (26), 2 weeks old (40), and 10 weeks old (54).
interstitial pneumonia ranked in seventy from + least severe to + + + + most severe (Table 1) .
for detection of type I1 pneum~nocytes'~ and with a neutral red for detection of alveolar macrophages.'O Tissue samples taken for microscopic examination were from the cranial, middle, and caudal lobes of the affected lungs, and were fixed in a 10% neutral buffered formalin solution, routinely processed, sectioned at 5 pm, and stained with hematoxylin and eosin (HE). Selected lung sections were also stained with periodic acid-Schiff (PAS) reagent before and after treatment with diastase, and with Masson's trichrome stain. Pulmonary carcinoma was defined as: 1) alveoli lined by proliferating cuboidal or columnar epithelial cells forming papillary masses; or 2) foci of bronchiolar epithelial proliferation with papillary ingrowth. The extent of pulmonary neoplasia in sections from all lobes (three sections each) were ranked by the average number of neoplastic foci per microscopic field using a 4 x objective as: + (1 to 2 neoplastic foci), + + (3 to 4 neoplastic foci), + + + (5 to 6 neoplastic foci), and + + + + (> 7 or confluent neoplastic foci). Alveolar macrophage infiltrates were ranked from least (+) to most severe (+ + + +) by estimating the numbers of macrophages adjacent to neoplastic foci using a 4 x objective in three sections per lamb. LIP was defined and ranked in severity based on the number of lymphoid follicles per microscopic field under a 4 x objective and the degree of interstitial inflammation as previously described.I5
To determine whether there were differences between experimental groups in susceptibility to induction of OPC and/ or LIP, data were analyzed using the Chi-square test; P values of less than 0.05 were considered to represent significant differences.
Results
Clinical signs of respiratory disease were seen in ten of ten lambs inoculated with lung fluid material derived from either adult sheep donor (Table 1) . Mild to moderate increases in respiratory rates (+ to + +) were seen in six of the lambs, and four of the lambs devel- oped moderate to severe dyspnea (+ + + to + + + +)
( Table 1 ). The two lambs inoculated with ultrafiltrated, virus-free inoculum (group 5) were clinically normal. The affected lambs were dyspneic (> 85 respirations/ min) within 3 to 16 weeks post-inoculation (PI). One of two lambs (lamb 35, group 4) inoculated with concentrated lung fluid from the ovine lentivirus-lymphoid interstitial pneumonia (OvLV-LIP) donor sheep, died 12 weeks after inoculation, and the second one (lamb 34, group 4) had transient elevated temperature (up to 41 C) for 4 to 6 days prior to death, 14 weeks after inoculation (Table 1) .
Clinical signs of respiratory distress paralleled with the severity of gross lung lesions (Table 1) . Multifocal, raised, 2-5-cm red to gray nodules were present throughout the lungs of those lambs which developed ovine pulmonary carcinoma (OPC). Cut surfaces of these nodules exuded frothy fluid. The ventral cranial and middle lung lobes from both lambs inoculated with concentrated OvLV lung fluid were diffusely red, consolidated, and had multifocal well-demarcated subpleural red to tan nodules. Pasteurella hemolyticum was isolated from both animals' lung tissues. Both lambs inoculated with ultrafiltrated lung fluid (group 5) had no gross or microscopic lesions at necropsy 2 1 to 26 weeks PI (Table 1) .
Seven of eight lambs (groups 1, 2, and 3) inoculated with Type D retrovirus-associated OPC/OvLV-LIP lung fluid had microscopic evidence of both pulmonary carcinoma and lymphoid interstitial pneumonia (Table 1). Four (three males and one female) of these seven lambs had severe OPC when sacrificed between 9 and 32 weeks PI (mean, 16.7 weeks) (Tables 1, 3) . One lamb (No. 12, group 2) failed to develop OPC, but did develop LIP lesions (Table 3) . Lambs inoculated with OvLV-LIP lung fluid (lacking OPC material) had no OPC lesions but did have moderate to severe LIP and severe exudative bronchopneumonia between 12 and 14 weeks PI.
Neoplastic nodules consisted of low cuboidal epithelium, usually with retention of alveolar architecture or occasionally with papillary projections into alveolar spaces (Fig. 1) . Tumor cells in alveolar patterns had centrally located nuclei which were moderately hyperchromatic, vesicular, and sometimes had prominent nucleoli. Some neoplastic growths involved bronchiolar epithelium and exhibited exuberant papillary protrusions. The bronchiolar neoplastic growths were lined by tall columnar cells, with moderately well-differentiated central to basal nuclei (Fig. 2) . In both alveolar and bronchiolar lesions mitotic figures were rare. Lambs with severe OPC had multifocal to coalescent neoplastic nodules involving alveoli and bronchioles. Neoplastic nodules were supported by thin stromal connective tissue and occasionally by a moderately thickened or loose connective tissue (Fig. 3) . The majority of these nodules had no delimiting capsule and were surrounded by normal lung parenchyma. Occasionally, however, larger nodules were more aggregated and appeared to be surrounded by a thin pseudo-capsule and numerous alveolar macrophages.
In the age susceptibility experiment (Table 2) , two of the five neonates were killed at 7 and 19 weeks PI after having developed severe dyspnea (> 80 respirationdmin) at 5 to 6 weeks PI. The remaining lambs were sacrificed between 25 and 32 weeks PI. In those lambs, gross lesions were seen in three of five lambs inoculated as neonates, one of five inoculated as 2-weekold lambs, two of three inoculated as 5-week-old lambs, but absent in lambs inoculated at 10 weeks of age and contact-control lambs (Table 2) . Lesions consisted primarily of multifocal, raised, 0.5-2.0-cm red to gray nodules and occasionally of multifocal red to grayish consolidation of the ventral, cranial, and middle lobes.
Lambs inoculated with OPC tumor homogenates demonstrated age-dependent susceptibility to develop microscopic lung tumors (Table 2) . Neonates, 2-weekold, and 5-week-old lambs were equally likely to develop OPC lesions. The younger groups (neonates and 2-week-old lambs) were more susceptible to OPC when compared with older ones (5-week-old and 10-weekold lambs) (P < 0.05). Significant differences (P < 0.05) in susceptibility to development of OPC were also found when neonates, 2-week-old, and 5-weekold lambs were compared with 10-week-old lambs. All groups, except the control groups, were equally likely to develop histological lesions consistent with LIP (Table 2).
Accelerated OPC lesions were induced in neonates (group A, Table 2 ) after 7 to 28 weeks PI (mean, 15 weeks). The 10-week-old OPC-positive lamb (No. 52, group D) exhibited only scattered microscopic neoplastic foci at the end of the experiment (32 weeks) ( Table 2) . No contact-control lambs (group E) had OPC lesions, but one of three had mild LIP lesions (Table  2 ). This LIP-positive lamb was contact-exposed when it was 2 weeks old (Table 2) .
In both alveolar and bronchiolar lesions the cytoplasm of neoplastic cells stained intensively with periodic acid-Schiff (PAS) stain before, but not after treatment with diastase, indicating that the cells contained glycogen, a feature of fetal lung epithelial cells14 (lambs 1,4,6,7,13, 19, and 22). Alveoli adjacent to neoplastic foci often contained proteinaceous fluid that occasionally stained with PAS before and after treatment with diastase, suggesting the presence of mucoid substances as a minor component of lung exudates (lung fluid) or transudation of serum proteins.
Isolated foci of OPC were associated with limited alveolar macrophage infiltrates. In contrast, more severe lung tumor lesions were surrounded by prominent alveolar macrophage infiltrates (Fig. 4) . The alveolar macrophages had eosinophilic and vacuolated cytoplasm, and often filled alveoli surrounding neoplastic nodules.
Lesions consistent with LIP were characterized by thickening of the alveolar septa, prominent perivascular, peribronchiolar, and mild subpleural lymphoid proliferation. The thickened alveolar septa consisted of mixed infiltrates of lymphocytes, macrophages, plas- ma cells, and in one lamb killed 46 weeks PI (No. 12, group 2) of prominent fibromuscular hyperplasia. Lymphoid follicles within the lung consisted of welldemarcated aggregates of lymphocytes, often with germinal centers (Fig. 5) . Caudal mediastinal lymph node follicular hyperplasia paralleled with severity of LIP lesions (Table 2) . In those lambs with severe LIP, the nodal hyperplasia consisted of prominent and irregularly shaped germinal centers extending into the paracortical zones (not shown).
The LIP lesions were similar to those described in natural and experimental OvLV infection~.'~ Antibodies to OvLV glycoproteins were confirmed in all but the retrovirus-free inoculated (group 5) and two of three uninoculated contact-control lambs (group E) ( Tables  1, 2 ). In addition, OvLV was isolated from 85% of the experimentally induced OPC/LIP cases (R. Rosadio 
Discussion
Naturally occurring ovine pulmonary carcinoma (OPC) has a long incubation p e r i~d .~,~~ The time course of the disease, however, was reduced to a few weeks by inoculating lung tumor or lung fluid into neonatal 1ambs.8J6,22,28 The present study confirms and extends the usefulness of the neonatal model for experimental studies of retrovirus-induced OPC. We found that neoplastic lesions were induced using either lung fluid or lung tumor homogenate as inoculum. Moreover, there was no difference among lung fluid inocula in producing OPC. Unconcentrated lung fluid was able to induce OPC, confirming previous findings8 and indicating that aerosolized lung fluid might play a role in natural transmission of the di~ease.~ In this report, animals with mild lesions had isolated alveoli lined by cuboidal to columnar neoplastic cells with minimal inflammation. Similar early epithelial proliferation was seen in acute experimentally induced OPC in a neonatal lamb 21 days after inoculation of concentrated OPC lung fluid.zz
In animals with moderate to severe OPC, the neo- plastic epithelium invaded and expanded into normal pulmonary parenchyma. The more severe neoplastic lesions consisted of an extensive tumor spread along the bronchiolar tree or multifocal to confluent nodules. Severe OPC lesions were surrounded by prominent alveolar macrophage infiltrates. Similar findings have been reported consistently in both naturally occurring 3,27,30 and experimentally induced cases of 0PC.8329 The potential role of these phagocytic and immunoregulatory cells in the pathogenesis of lung neoplasia is unknown. Recently, OPC-derived, transformed alveolar type TI cell lines have been demonstrated to produce a macrophage chemotactic factor which may serve as a mechanism for recruitment of macrophages into OPCaffected lungs. The abundant alveolar macrophages in OPC may reflect excessive surfactant production by transformed alveolar type I1 cells. However, activated alveolar macrophages may potentiate tumor groWth2J8 or, alternatively, represent an ineffective cellular cytotoxic mechanism directed against transformed cells as seen in sites of other tumor g r o~t h s . I~, *~,~~
In the present study, the susceptibility of lambs to develop OPC decreased during the first three months of life. Neonates, 2-week-old7 and 5-week-old lambs were significantly more likely to develop OPC lesions as compared with 10-week-old lambs. OPC lesions were induced earlier and were more severe in neonatal lambs than in 2-, 5-, and 10-week-old lambs.
The cellular mechanisms, i.e., viral receptors or maturation of target cells responsible for increased susceptibility of neonatal lambs to retrovirus-induced OPC, were not investigated in this study. The agesusceptibility of lambs to develop experimental OPC is likely related to the immaturity of neonatal immune responses to pulmonary virus infectiom6 Additionally, neonatal lambs may have increased numbers of alveolar type I1 cells (potential target cells for tumor induction) as seen in normal neonates of other species. 13 The age-related susceptibility to retrovirus-associated OPC suggests that the virus may be transmitted in nature during the neonatal period. Similar natural transmission has been described in caprine and ovine lentivirus1J5 and feline leukemia virus infections." Natural infections of lambs by the putative OPC virus may occur very early in life. The long incubation period of OPC seen in nature suggests additional factor(s) such as virus dose or route of exposure in tumor development.
